Strong spin-lattice coupling in multiferroic HoMnOs: Thermal expansion anomalies 

and pressure effect 
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Evidence for a strong spin-lattice coupling in multiferroic HoMn03 is derived from thermal ex- 
pansion measurements along a- and c-axis. The magnetoelastic effect results in sizable anomalies 
of the thermal expansivities at the antiferromagnetic (Tjv) and the spin rotation (Tsr) transition 
temperatures as well as in a negative c-axis expansivity below room temperature. The coupling 
between magnetic orders and dielectric properties below Tjv is explained by the lattice strain in- 
duced by the magnetoelastic effect. At Tsr various physical quantities show discontinuities that are 
thermodynamically consistent with a first order phase transition. 
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Among the multiferroic materials, the rare-earth man- 
ganites have attracted increasing attention because of 
a wealth of physical phenomena related to the coexis- 
tence of ferroelectricity with antiferromagnetic (AFM) 
orders. The coupling and mutual interference of fer- 
roelectric (FE) and magnetic orders is of fundamental 
interest and bears the potential for future applications. 
For example, the orthorhombic i?Mn03 (i?=Eu to Dy) 
undergo several magnetic phase transitions accompanied 
by distinct dielectric anomalies Ferroelectricity and 

large magneto-dielectric coupling have been observed in 
some of the compoundsi 3 - 

The i?Mn03 with smaller rare-earth ions (i? from Ho 
to Lu, and Y) crystallize in the hexagonal P63CTO struc- 
ture with ferroelectricity arising well above room tem- 
perature. The onset of AFM order of the Mn-spins be- 
low 100 K gives rise to interesting physical effects re- 
lated to the coupling of both orders. The first signature 
of the magneto-dielectric effect in hexagonal manganites 
was discovered in YM11O3 as an anomaly of the dielec- 
tric constant at Tjv «70 K. 5 Similar anomalies have been 
subsequently reported for almost all hexagonal i?MnC>3 £> 
The magnetic order of the Mn 3+ spins is geometrically 
frustrated since the Mn ions form a triangular lattice in 
the a-b plane. Additional phase transitions at tempera- 
tures below 10 K are observed in some hexagonal i?Mn03 
with magnetic R 3+ due to the R-R exchange correla- 
tions. Changes in the magnetic structure of the Mn-spins 
have been reported for i?=Lu, Sc, Ho at intermediate 
temperatures^ The interactions between the FE polar- 
ization, the frustrated AFM order of the Mn-spins, and 
the i?-ion magnetic moments give rise to a complex mag- 
netic phase diagram as was recently revealed for example, 
in HoMn03i^iS At zero magnetic field the AFM transi- 
tion in HoMnC>3 at Tjv=76 K is followed by a Mn-spin 
rotation transition with the onset of AFM order of the Ho 
moments at Tsr=33 K and another magnetic transition 
at T2—5.2 K characterized by a substantial increase of 
the Ho sublattice magnetization combined with another 
rotation of Mn spins; 10 Optical- and neutron scattering 



experiments 10 have identified the magnetic symmetry of 
the phase between Tsr and Tjv as P63CTO (with Mn-spins 
perpendicular to the hexagonal a-axis) and between T2 
and Tsr as PQ 3 cm (Mn-spins rotated by 90° with respect 
to the P6 3 cm phase). All three magnetic phase changes 
are accompanied by distinct anomalies of the dielectric 
constant e, most notably a very sharp peak of e at Tsr 
that was discovered very recentlypii 

The dielectric anomalies at the magnetic transitions of 
H0M11O3 evidence a strong correlation of the magnetic 
and FE orders. Whereas the direct coupling between the 
in-plane magnetic moments of the Mn-ions and the c-axis 
FE polarization is not allowed for magnetic symmetries 
P6 3 cm and P6 3 cm 12 an indirect coupling via magnetoe- 
lastic deformation and lattice strain was proposed to ac- 
count for the observations^ No clear evidence for lattice 
distortions or strain has been reported so far. 

We have therefore measured the thermal expansion co- 
efficients a along a- and c-axis of HoMn03 over a large 
temperature range. We find distinct anomalies of a a and 
a c at Tjv and at Tsr and a negative c-axis expansivity 
at all T below room temperature revealing extraordinar- 
ily strong magnetic correlation and spin-lattice coupling 
effects. A sudden increase of the volume at Tsr sug- 
gests the first order nature of the spin rotation transition 
that is confirmed by the thermodynamic consistency of 
the volume, magnetization, and entropy discontinuities 
across the transition as well as the pressure and mag- 
netic field dependence of Tsr. 

Single crystals of HoMn03 have been grown from the 
flujsi and by the floating zone method. The linear ther- 
mal expansivity was measured over a large temperature 
range below 300 K employing the strain-gage method. 
Below 100 K a high-precision capacitance dilatometer 
was used to resolve the thermal expansion anomalies 
near the magnetic phase transition temperatures, Tjv and 
Tsr. The pressure dependence of Tsr was investigated 
by monitoring the sharp peak of the dielectric constant^ 
for pressures up to 1.7 GPa in a Be-Cu high pressure 
clamp. 
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The results of the dilatometric measurements of 
HoMnC>3 are summarized in Fig. 1. Whereas the a- 
axis behaves 'normal' and shrinks with decreasing T, the 
c-axis length steadily increases from room temperature 
to lower T. This unusual behavior indicates a strong 
magnetic exchange and spin-lattice coupling of the Mn- 
spins and will be discussed later. At Tv the linear ex- 
pansivities a a and a c exhibit distinct A-type anomalies 
(left inset of Fig. 1) with opposite signs. In cooling 
through Tjv the in-plane distances are reduced and the 
c-axis expands resulting in an abrupt change of slope of 
a(T) and c(T) in opposite directions. The A-shape of the 
peaks of a a and a c is typical for a second order phase 
transition with a broad critical region. A similarly pro- 
nounced A-type anomaly was also observed in the specific 
heat, C P (T), of HoMn0 3 at T N &2£ The strong anoma- 
lies of a and C p are evidence for a large magnetoelas- 
tic coupling. The Mn-spins are strongly correlated via 
the AFM superexchange interaction in the hexagonal a-b 
plane. The magnetic exchange coupling along the c-axis 
is much weaker. The large in-plane exchange interaction 
should stabilize AFM order at relatively high tempera- 
ture. However, due to geometric frustration of the Mn- 
spins the magnetic phase transition takes place at much 
lower temperature (Tv=76 K) with a special alignment 
of the magnetic moments so that neighboring Mn-spins 
form an angle of 120° £ The small entropy change asso- 
ciated with the AFM transition (only 10 to 15 % of the 
maximum value of Rln5)2ii£ is an indication of the exis- 
tence of sizable short-range correlations between the Mn- 
spins above Tjv, as derived from magnetic and neutron 
scattering dataiM Strong magnetic correlations as well 
as long-range order are known to be a common origin 
of lattice strain when the magnetic energy of the system 
of interacting moments is lowered by a change of the in- 
teratomic distances In the anisotropic structure of 
HoMnC>3 the major effect of the Mn-spin exchange corre- 
lations is a reduction of the in-plane distances resulting in 
a magnetic contribution to the thermal expansion and an 
enhancement of a a . The shortening of the a-axis at Tv 
increases the force constants between the ions and pro- 
vides a natural explanation for the abnormal increase of 
the frequency of some in-plane phonons recently observed 
below Tv in HoMn03ii£ The existence of strong spin- 
lattice coupling in hexagonal i?MnC>3 was also concluded 
very recently from the observation of a large suppression 
of the thermal conductivity in a broad temperature range 
above T N in YMn0 3 and HoMn0 3 i& 

The negative expansivity of the c-axis below room tem- 
perature (Fig. 1) is observed for the first time in hexag- 
onal i?Mn0 3 and its origin is yet to be explored. For 
anisotropic compounds it is not unusual that the ther- 
mal expansion in one crystallographic direction is nega- 
tive within a limited temperature ranged In HoMn0 3 , 
however, a c is negative at all T below room temperature. 
Negative values of a can originate either from low-energy 
transverse acoustic (TA) modes of vibration, as for ex- 
ample in crystals of Si, Ga, CuCl, and others, or from 
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FIG. 1: Temperature dependence of a- and c-axis of HoMnC>3 
(main panel). Left inset: a a and a c with distinct anomalies 
at Tjv and Tsr. Right inset: Anomalies of a a and a c at Tsr 
(the lattice contribution was subtracted). 



magnetic interactions with strong spin-lattice coupling. 19 
The soft TA modes are common in open crystal struc- 
tures of low coordination number and may lead to uni- 
directional or isotropic negative expansivities as, for ex- 
ample, observed in /3-LiAlSi0 4 and ZrW 2 8 i22i2i How- 
ever, the hexagonal rare earth manganites do not meet 
the conditions of low coordination and soft TA phonons 
have not been observed in the compounds. We therefore 
attribute the negative c-axis expansivity to the strong 
magnetic correlations and magnetoelastic coupling in the 
compound. The magnetic correlations of the Mn-spins 
are strongest in the a-b plane and they increase with de- 
creasing temperature resulting in a magnetic contribu- 
tion to the in-plane thermal expansivities. At the same 
time, mediated by elastic forces of the lattice, the c-axis 
expands with decreasing temperature, as observed in our 
experiments (Fig. 1). This negative expansion effect ob- 
viously dominates over the commonly positive contribu- 
tion to the c-axis expansion that is due to the lattice an- 
harmonicities. The volume expansivity is positive over 
the whole temperature range. These effects are particu- 
larly strong close to the AFM transition as reflected in 
the peaks of a a and a c at Tv (inset of Fig. 1). The oppo- 
site directions of both peaks provide further support to 
our conclusion. The magnetic moments of the Ho 3+ ions 
order at lower temperatures (below Tsr) and their effect 
on the lattice strain between Tv and room temperature 
can be considered to be small. 

The physical origin of the coupling between the mag- 
netic order and dielectric properties observed in most 
of the hexagonal i?MnC>3 is not yet understoodi^iSiii In 
P6 3 cm and P6 3 cm symmetries the direct coupling be- 
tween the in-plane staggered magnetization and the c- 
axis ferroelectric polarization is not allowed»ii*i^ There- 
fore, the dielectric anomalies at Tv have to be a second 
order effect, possibly mediated by lattice strain. Our 
thermal expansion measurements provide the first direct 
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FIG. 2: Comparison of e(T) and the inverse square of c(T). 



evidence for the existence of a sizable lattice distortion 
close to Tyy. This distortion affects the temperature de- 
pendence of e(T) of HoMn03. The magneto-dielectric 
effect at and below Tjv was recently described by a model 
that includes the AFM Heisenberg exchange interaction, 
a double well potential for the lattice displacements giv- 
ing rise to ferroelectricity, and a spin-phonon interaction 
termS For certain values of the spin-lattice coupling 
constant the drop of e(T) below Tjy could be qualita- 
tively reproduced. Thereby, e(T) is a function of the 
inverse square of the FE displacement (along c-axis). To 
qualitatively verify this correlation we compare e(T) with 
c(T)~ 2 in Fig. 2. The perfect scaling of both quanti- 
ties over a broad temperature range proves unambigu- 
ously that the dielectric properties and the lattice strain 
induced by the magnetic correlations are intimately re- 
lated. 

The peak of e at Tsr was shown by us to be as- 
sociated with the spin rotation transition via an inter- 
mediate phaseii and its existence was confirmed very 
recently^ This sharp enhancement of e(Tsr) was at- 
tributed to arise from a contribution of magnetic domain 
walls of domains with P6 3 symmetry and the allowed 
linear magnetoelectric effect in the walls^ The step-like 
increase of e at 5 K was observed before^ and it is related 
to another major change of the magnetic order involv- 
ing the Ho momentsAiS The possible magnetoelectric 
interactions below T$r and its microscopic origin have 
been discussed recently including the effects of asymmet- 
ric Dzyaloshinskii-Moriya exchange interactions between 
Ho and Mn moments^ The microscopic interactions be- 
tween Mn spins, Ho moments, and the FE order result 
in the complex phase diagram^ and interesting physical 
effects such as electric field induced ferromagnetic order 
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The spin-rotation transition is very sharp and sev- 
eral dielectric, magnetic, and thermodynamic quantities 
change abruptly at Tsr*^ The thermal expansion mea- 
surements reveal small, but distinctive anomalies at Tsr 
resulting in sharp peaks of a a and a c with opposite signs 
(right inset of Fig. 1). Upon cooling through Tsr the a- 




FIG. 3: Magnetic field dependence of Tsr below 1 Tesla. 
The right and left insets show the abrupt change of magnetic 
susceptibility and the heat capacity peak at Tsr, respectively. 



axis expands by Aa/a=1.52*10 -6 and the c-axis shrinks 
by Ac/c=-2.44*10~ 6 . This behavior is opposite to the 
a-contraction and c-expansion observed at T/y. However, 
it is consistent with the proposed onset of the AFM order 
of some Ho-moments oriented along the c-axis2*i2ii^ and 
the expected c-axis contraction due to magnetostrictive 
effects. It is interesting to note that the volume below 
T S r is larger than above with AV/V=-0.6*1CT 6 (here 
AV = V(T > T SR ) - V(T < Tsr))- The width of the 
spin-rotation transition as derived from anomalies of var- 
ious quantities is less than 0.6 KiS This leads us to sug- 
gest the first order nature of this phase transformation. 
At first order transitions, different thermodynamic quan- 
tities such as volume and magnetization exhibit disconti- 
nuities that contribute to the total change of entropy at 
the transition temperature. The entropy change at Tsr 
is given by 



AS = AV 



dp 
dT~ 



SB 



1 AM d(B 2 ) 

2 B dT SR 



(1) 



p, B, AV, and AM are pressure, magnetic induction, 
volume discontinuity, and magnetization jump at Tsr, 
respectively. The various quantities entering equation 
(1) are experimentally accessible and will be used to 
prove the first order nature of the spin-rotation transi- 
tion. The phase diagram of H0M11O3 shows a non-linear 
decrease of Tsr with increasing field BM/tLlL For B <1 
Tesla we find a perfect quadratic dependence Tsr oc B 2 
(Fig. 3), with the slope d(B 2 )/dT SR =-2.2 Tesla 2 /K. The 
jump of the magnetic susceptibility is determined from 
dc magnetization measurements (right inset in Fig. 3) 
as AM/B=818 (Am)/(Vs). The magnetic contribution 
to AS in (1) is therefore 0.034 J/(mol K). For estimat- 
ing AVdp/dTsR the pressure dependence of Tsr needs 
to be known. We have measured the pressure shift of the 
sharp dielectric peak at Tsr, in order to derive dTsR/dp 
(Fig. 4). The peak temperature of e(T) decreases lin- 
early with applied pressure (inset of Fig. 4) at a rate 
of dT SR /dp=-2M K/GPa. The decrease of T SR with p 
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FIG. 4: Pressure effect on the peak of e at Tsr. Inset: Pres- 
sure dependence of Tsr. 

is intimately related to the increase of volume right be- 
low Tsr. The pressure- induced compression favors the 
P63CTO phase (stable above Tsr) with the smaller vol- 
ume on the expense of the P6 3 cm phase. From the pres- 
sure coefficient of Tsr and the volume change across the 
transition the mechanical work contribution to AS is es- 
timated as AVdp/dTsR = 0.01 J/(mol K). The total en- 
tropy change according to (1) is therefore of the order of 
0.044 J/(mol K). This value is to be compared with AS 
calculated by integrating the excess specific heat, C p /T, 
across the phase transition. The small peak of C p /T at 
Tsr (left inset of Fig. 3) was resolved only recently*!^ 
and it corresponds to an entropy change of AS'=0.040 
J/(mol K). This value is in very good agreement with 
the sum of the two contributions estimated above, i.e. 
equation (1) is fulfilled within the experimental uncer- 
tainties. This shows the thermodynamic consistency of 
all the measured quantities (specific heat, magnetization, 
volume expansivity, T-H and T-p phase boundaries) and 
it proves the first order nature of the spin-rotation phase 
transition in HoMnC>3. The major contribution to the 
entropy change is due to the change of magnetic order 



a t Tsr. A detailed analysis of the c-axis magnetization 
above and below T S r led us to suggest a partial AFM 
order of the Ho magnetic moments at Tsr and the pos- 
sible existence of a correlation between the onset of the 
Ho order and the Mn-spin rotation^ The small magnetic 
contribution to AS of only 0.034 J/ (mol K) is consistent 
with a small sublattice magnetization deduced from neu- 
tron scattering dataiS or a partial magnetic order at Tsr 
involving only some of the Ho-moments^ 

In summary, we demonstrated the existence of extraor- 
dinarily strong spin-spin and spin-lattice couplings over 
a broad temperature range in HoMn03 resulting in a siz- 
able magnetic contribution to the a-axis thermal expan- 
sion coefficient and, via elastic coupling, in the negative 
c-axis expansivity below room temperature. We conclude 
that the dielectric anomalies observed in the hexagonal 
i?MnC>3 at Tn are a consequence of this spin-lattice cou- 
pling. At the spin-rotation transition of HoMn03 vari- 
ous physical quantities show discontinuities indicative of 
a first order phase transition. We separate the mechan- 
ical (volume expansion) and magnetic contributions to 
the total entropy change at Tsr and prove that the en- 
tropy balance required by the thermodynamics of first 
order transitions is fulfilled. 
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